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   Abstract : In order to better understand the deep structure and dynamics of the Earth's 
interior, we have attempted to develop a new model of whole mantle seismic tomography 
with a novel approach. We adopted a grid parameterization instead of blocks which were 
used in most of the global tomographic studies. Ray paths and travel times are computed 
with an efficient 3-D ray tracing scheme. Moreover, the topography of mantle discontinu-
ities at 410 and 660 km depths are taken into account in the tomographic inversions. This 
new approach was applied to a large data set of ISC travel times (P, PP, PcP, pP) to 
determine a whole mantle P-wave tomography. For the shallow mantle, our new model 
contains the general features observed in the previous  models  : a low-velocity ring around 
the Pacific Ocean basins and high-velocity anomalies under the old and stable continents 
in the depth range of 0-400 km. One significant difference from the previous models is that 
stronger and wider high-velocity anomalies are visible in the transition zone depths under 
the subduction zone regions, which suggests that most of the slab materials are stagnant for 
a long time in the transition zone before finally dropping down to the lower mantle. 
Plume-like slow anomalies are visible under the hotspot regions in most parts of the 
mantle. The slow anomalies under hotspots usually do not show a  straight pillar shape, 
but exhibit winding images, which suggests that plumes are not fixed in the mantle but can 
be deflected by the mantle winds. As a consequence, hotspots are not really fixed but can 
wander on the Earth's surface, as evidenced by the recent geomagnetic and numeric 
modeling studies. Wider and more prominent slow anomalies are visible at the core-
mantle boundary (CMB) than most of the lower mantle, and there is a good correlation 
between the distribution of slow anomalies at the CMB and that of hotspots on the surface, 
which suggest that most of the mantle plumes under the hotspots may originate from the 
CMB. However, there may be some  small-scaled, weak plumes originating from the 
transition zone depths.
1. Introduction
   During the last two decades, seismologists have made continuous efforts to deter-
mine the three-dimensional (3-D) seismic velocity structure of the mantle (e.g., Dziewons-
ki et  al  .  ,  1977  ; Nakanishi and Anderson,  1982  ; Dziewonski,  1984  ; Woodhouse and 
Dziewonski,  1984  ; Tanimoto,  1990  ; Inoue et  al  .  ,  1990  ; Zhang and Tanimoto,  1993  ; Su 
et  al.,  1994  ; Vasco et  al  .  ,  1995  ; Zhou,  1996  ;  Bijwaard et  al  .  ,  1998  ; Boschi and Dziewon-
ski, 1999). These studies have greatly improved our understanding of the structure and 
dynamics of the Earth's deep interior. 
   In the present work, we propose a new 3-D P-wave velocity model of the mantle. 
This model has the following three distinct features from the previous models. First, we 
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Fig. 1. Depth distribution of the (a) 410 and (b) 660 km discontinuities 
   by Flanagan and Shearer (1998). The depth scale is shown below 
    maps.
determined 
each of the
inversions. It has been well established that several seismic velocity discontinuities 
exist in the mantle, such as the Moho discontinuity that separates the crust and mantle, 
and 410 km and 660 km discontinuities in the mantle transition zone (Dziewonski and 
Anderson,  1981  ; Kennett and Engdahl,  1991  ; Kennett et  al., 1995). Recently, Mooney et 
 al. (1998) compiled the findings of seismic explosion studies conducted so far in the world 
and constructed a global map of the crustal thickness. Their results show that the 
Moho depth ranges from about 10 km under oceans to  40-70 km under the continents. 
Flanagan and Shearer (1998) used reflected waves to map the depth variations of the 410 
and 660 km discontinuities (Figure 1). They found that the two discontinuities exhibit 
depth variations of up to 36 km. Such large depth changes of the three discontinuities 
would greatly affect the travel times and ray paths of seismic waves, and hence their 
topography should be taken into account in the tomographic inversions. 
   Local and regional scale tomographic studies have recognized the influences of the 
depth variations of seismic discontinuities, such as the Moho and the subducting slab
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Fig. 2. A comparison of the (a) block and (b) grid parameterization to express the 
   Earth structure. In the block approach, the velocity within each block is 
   assumed to be constant, and the velocity changes abruptly across the boundaries 
   between the  blocks. Thus artificial velocity boundaries are introduced into the 
   model in the horizontal and vertical directions between blocks. In the grid 
   approach, velocity perturbations at the grid nodes are taken to be unknown 
 parameters  ; the velocity perturbation at any point in the model is computed by 
   linearly interpolating the velocity perturbations at the 8 grid nodes surrounding
   that point. Thus in the grid approach there is no artificial velocity discontinuity 
   in the model.
boundary (Zhao et al., 1992,  1994  ; Fan  at  al., 1998). It is shown that when the disconti-
nuity topography is taken into account, a more reasonable tomographic result can be 
obtained and the resulting 3-D velocity model would fit the data better. However, 
almost all of the previous global tomographic studies assumed the Moho, 410 and 660 km 
discontinuities to have a  fiat geometry or even ignore their existence (in such cases, the 
discontinuities are approximated by steep velocity gradients, e.g., Inoue  at  al. (1990)). 
Theoretically, the effect of the discontinuity topography can be evaluated when the block 
or grid is sufficiently smaller than the wavelength of the discontinuity undulations. The 
block size or grid spacing in most of the actual studies, however, are not small enough
114 DAPENG ZHAO
due to the limited ray coverage and the sparse seismic networks. Hence the obtained 
tomographic images, especially those near discontinuities, represent not only velocity 
variations themselves, but also contain the effect of the discontinuity undulations (Zhao 
et al., 1992, 1994). 
   Secondly, we have used a grid parameterization to express the Earth structure 
(Figure 2). Most of the previous global tomographic studies used blocks to express the 
Earth  structure  : the medium under study is divided into cubic blocks, seismic velocity in 
each of the blocks is assumed to be constant, and the velocity changes abruptly from 
block to block (Figure 2a). Thus, artificial velocity boundaries (discontinuities) are 
introduced into the model in both horizontal and vertical directions between blocks. In 
addition, the geometry of velocity anomalies is specified (to be blocks). Some studies 
even assumed ray paths within each block to be straight lines, which may be acceptable 
only when the block size is small. In global studies, however, the block size is not small 
enough because of the sparse distribution of seismic stations, particularly under oceanic 
regions. These problems do not exist or can be greatly alleviated when grid nodes are 
used to parameterize the Earth structure. For details, see the next section. 
   Thirdly, in this study we have used an efficient 3-D ray tracing technique to compute 
travel times and ray paths. So far, almost all of the global  tomographic studies have 
used simple 1-D ray tracing methods. In very heterogeneous regions with high-velocity 
subducting slabs and low-velocity mantle plumes, ray trajectories calculated for a 1-D 
velocity model may deviate considerably from the real ones for long rays (Zhao et  al., 
 1992  ; Koketsu and Sekine, 1998). The final tomographic images would be distorted by 
this effect. 
   Applying our novel approach to the International Seismological Center (ISC) data 
sets reprocessed by Engdahl et  al. (1998), we have determined a new 3-D P-wave velocity 
model of the whole mantle. Our results shed new light on the structure and dynamics 
of the Earth's deep interior, in particular, that of the subducting slabs and mantle plumes.
2. Method and Data 
   The methodology used in this work is a modified version of the tomographic method 
of Zhao et  al. (1992, 1994) that is extended from the local/regional scale to a global scale. 
We first set up a 3-D grid net in the whole mantle. Velocity perturbations at the grid 
nodes from the starting one-dimensional  (I-D) velocity model are taken as unknown 
parameters. The velocity perturbation at any point in the model is computed by linearly 
interpolating the velocity perturbations at the eight grid nodes surrounding that point. 
Thus in the grid model (Figure 2b), there are no artificial velocity boundaries as existing 
between blocks in the block models (Figure 2a). 
   We consider three seismic velocity boundaries, the Moho, 410 and 660 km discontinu-
ities, in the mantle. In the tomographic inversion of the present work, we only take 
into account the depth variations of the 410 and 660 km discontinuities and used the 
results of Flanagan and Shearer (1998) (Figure 1). The Moho depth is taken to be 35 km,
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 Fig.  3. (a) Distribution of the  1SC seismic stations used in this study. (b) 
   Hypocentral distribution of 7128 earthquakes used in this study. These events 
   generated over 800,000 arrival times used in the tomographic inversions.
a value of the global average (Kennett and Engdahl,  1991  ; Mooney et  al., 1998). The 
Moho topography (Mooney et  al., 1998) will be taken into account in the next phase of 
the work. The geometries of the three discontinuities are fixed in the inversion process, 
and only the velocities at the grid nodes are determined. If sufficient later phase data, 
particularly those reflected and/or converted at the discontinuities, are available, the 
discontinuity geometries can also be determined together with the velocities at grid 
nodes. This will be the topic of a future study. 
   Ray paths and travel times are computed with an efficient  3-D ray tracing scheme 
(Zhao et  al., 1992) that is adaptable to a velocity model with complex velocity discontinu-
ities and with  3-D velocity variations everywhere in the model. The principle of this ray 
tracing scheme is to use the  pseudo-bending algorithm (Urn and Thurber, 1987) and Snell' 
s law iteratively to perturb an initial ray estimate until a converged solution (the ray with 
the shortest traveltime) is found. Then we construct a system of observation equations 
that relate the observed travel times to hypocentral and velocity unknown parameters. 
To conduct inversions of the observation equations we used the LSQR algorithm (Paige
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Fig. 4. Schematic  illustrations of the seismic  rays used in this  study  : (a) direct P 
   waves, (b) depth phases pP waves, (c) surface reflected PP waves, and (d) core
   reflected PcP waves.
and Saunders, 1982) with damping and smoothing.  Hypocenters are relocated in the 
inversion process. 
   We used the ISC travel time data during 1964 to 1998 reprocessed by Engdahl et  al. 
(1998). Figure 3a shows the distribution of seismic stations compiled by ISC. We can 
see that the continental regions are generally  well covered by the stations, while the 
oceanic regions are not. Figure 3b shows the distribution of 7128 earthquakes which are 
selected for this work. All of the 7128 events were recorded by over 50 stations and 
have errors in hypocentral locations less than 7 km. Their focal depths are well 
constrained by the use of depth phases (pP). In addition to first P arrivals, we also used 
three types of later phases in this study. They are the depth phases (pP), surface 
reflected waves (PP) and core reflected waves (PcP) (Figure 4). In total, we used 
approximately 800,000 arrival times in the tomographic inversions.
3. Analyses and Results 
   Before describing the major results of the mantle tomography, we first show the 
results of resolution analyses. We conducted the checkerboard resolution tests (Zhao et 
 al., 1992) to evaluate the adequacy of the ray coverage and spatial resolution. Figure 5 
shows the results of the checkerboard test for representative layers in the mantle. In 
the preliminary analyses, we set up grid nodes in the whole mantle with a grid spacing
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Fig. 5. Results of checkerboard resolution test for some representative depth slices in 
   the mantle. Open and solid circles denote slow and fast velocities, respectively. 
   The layer depth is shown below each map.
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Fig. 6. P-wave velocity perturbations from the average velocity at each depth slice 
   in the mantle. The depth of each layer is shown above each map. Red and blue 
   colors denote slow and fast velocities, respectively. The velocity perturbation 
   scale is shown at the bottom. Solid triangles denote the hotspots that appear on 
   the Earth's surface.
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of  five degrees laterally and 15 to 330 km in depth. The  iasp9l Earth model (Kennett and 
Engdahl, 1991) is used as the starting velocity model for the 3-D inversions. We can see 
from Figure 5 that, in the upper mantle the resolution is good under the continental 
regions but poor under oceans. For the lower mantle, the spatial resolution is generally 
good for most of the mantle.
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 Fig.  7. Vertical cross section of P-wave velocity image along a profile passing 
   through northeast China and central Japan. Location of the profile is shown on 
   the world map. Red and blue colors denote slow and fast velocities, respectively. 
   The velocity perturbation scale is shown at the bottom. White circles denote
   earthquakes that occurred within a 40-km width from the profile.
   Figure 6 shows the P-wave tomographic images of the mantle obtained in this work . 
The velocity perturbations are from the average velocity at each depth . Locations of 
the 47 hotspots (Richards  at  al., 1988) are also shown in the images . Figures  7-9 show 
some vertical cross sections of the tomographic images . For the upper mantle, our new 
model contains the general features observed in the previous models (e.g., Inoue et  al., 
 1990  ; Zhou,  1996  ; Bijwaard  at  al.,  1998)  : a low-velocity ring around the Pacific Ocean 
basins and high-velocity anomalies under the old and stable continents in the depth range 
of 0-400 km. This suggests that the differences between continents and oceans persist 
down to about 400 km depth, above the mantle transition zone. Strong and wide high-
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Fig. 8. (A) East-west and (B) north-south vertical cross sections of  P--wave velocity 
   images under Hawaii. (C) East-west and (D) north-south vertical cross sections 
   of  P--wave images under Iceland. Locations of the profiles are shown on the 
   world map. Red and blue colors denote slow and fast velocities, respectively. 
   The velocity perturbation scale is shown below the cross sections. Open circles 
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 Fig.  9. (A and B) Vertical cross sections of P-wave velocity images under South 
   Pacific. (C and D) Vertical cross sections of  P--wave images under East Africa. 
   Locations of the profiles are shown on the world map. Red and blue colors 
   denote slow and fast velocities, respectively. The velocity perturbation scale is 
   shown below the cross sections. Open circles denote earthquakes that occurred 
   within a 40-km width from each of the profiles.
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Fig. 10.  P--wave velocity image at the base of the mantle. Red and blue colors 
   denote slow and fast velocities, respectively. The velocity perturbation scale is 
   shown at the bottom. Solid triangles denote the hotspots that appear on the
   Earth's surface. Note that there is a good correlation between the low-velocity
   zones and the distribution of hotspots.
velocity anomalies are visible in the transition zone under the subduction zone regions 
(see the image at 550 km depth), and moderately fast anomalies exist in the lower mantle 
under some of the subduction regions (Figures 6, 7). Prominent slow anomalies are 
visible under the hotspot regions in most parts of the mantle (Figures 8, 9). There is a 
good correlation between the distribution of hotspots on the surface and that of slow 
anomalies in the lower mantle down to the core-mantle boundary (CMB) (Figure 10). 
These features are discussed in details in the following section. 
   A unique feature of the present study is that we have taken into account the depth 
variations of the 410 and 660 km discontinuities (Flanagan and Shearer, 1998) (Figure 1) 
in the tomographic inversions. It would be interesting to see how much the discontinuity 
topography would influence the velocity tomography. For this we conducted an inver-
sion with the same data set and method but assumed the 410 and 660 km discontinuities 
to be flat without depth variations. Their average depths (418.0 and 660.0 km) are used 
in this inversion according to Flanagan and Shearer (1998). 
   Figure 11 shows the comparison of the two inversion results. For clarity only the 
region adjacent to Australia is shown. We can see that the patterns of the two velocity 
images are quite consistent, but there are considerable differences in the amplitude of the 
velocity anomalies. For example, the amplitude of the slow anomaly at 710 km under 
northwest Australia is reduced by about 50% when the discontinuity topography is taken 
into account. Major changes of the velocity images appear at the transition zone depths 
and little in other depth levels. We conducted a number of such inversions by changing
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Fig. 11. P-wave velocity images at (a) 550 and  (b) 710 km depths obtained by a 
   tomographic inversion when the 410 and 660 km discontinuities are assumed to be 
   flat. P-wave velocity images at (c) 550 and (d) 710 km depths when the 410 and 
   660 km discontinuities have depth variations as revealed by Flanagan and Shearer 
   (1998). Red and blue colors denote slow and fast velocities, respectively. The 
   velocity perturbation scale is the same as that in Figure 10. For clarity, only the 
   region adjacent to Australia is shown.
the grid spacing, damping, smoothing and data sets. In general, the final travel time 
residual for the model including the discontinuity topography is reduced by 6-9% as 
compared to the model with flat discontinuities. This indicates that it is necessary to 
take into account the discontinuity topography in the tomographic inversions in order to 
image the detailed structure of the mantle.
4. Discussion and Conclusions 
4.1. Deep structure of subduction zones 
   One distinct feature of the present model that differs from the previous ones is that 
stronger and wider high-velocity anomalies are visible in the transition zone depths 
under the subduction zone regions, and moderately fast anomalies exist in the lower 
mantle under those subduction regions (Figures  6,  7). This result may suggest that most 
of the slab materials are stagnant for a long time in the transition zone before finally 
dropping down to the lower mantle, and some of the slabs may only stay above the 660 
km discontinuity and complete their convection within the upper mantle. 
   The subducting Pacific lithosphere under Japan is imaged clearly, and earthquakes 
occurred down to about 600 km depth within the slab (Figure 7). The thickness of the
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slab looks like 150-200 km (Figure 7), which is caused by the lateral and vertical smear-
ing of a thinner but stronger anomaly for the slab since we have used a relatively coarse 
grid. Our previous high-resolution studies using the local data sets have imaged the 
subducting Pacific slab as a high-velocity zone with a thickness of 90-100 km and a P-
wave velocity 5-6% higher than the surrounding mantle (Zhao et  al ., 1994, 1997).  Low-
velocity anomalies are visible on the back-arc side above the subducting Pacific slab 
(Figure 7), which is also consistent with the previous high-resolution results (Zhao et  al., 
1994, 1997). The back-arc slow anomalies are generally considered to be associated 
with the arc and  back-are magmatism and volcanism caused by the dehydration process 
of the subducting slab and the convective circulation process of the mantle wedge (Zhao 
et  al., 1994, 1997). 
   An unexpected feature in Figure 7 is that prominent slow anomalies appear beneath 
the subducting Pacific slab and extend down to a depth of approximately 1600 km . This 
feature is also imaged by Fukao et  al. (1992) and Zhao et  al . (1994). It is unclear what 
the slow anomalies represent. There may be two  possibilities  : one is that they repre-
sent the hot upwelling portion of a local-scale convection associated with the subduction 
of the Pacific  slab  ; the other is that they show a mantle plume rising from the lower 
mantle (Zhao et  al., 1994). Future detailed studies are needed to clarify this problem .
4.2. Hotspots and mantle plumes 
   Hotspots are regions of significant midplate volcanism , such as Hawaii, or very 
voluminous on-ridge volcanism, such as Iceland . Wilson (1963) first proposed that island 
chains like the Hawaiian-Emperor chain could be viewed as the tracks left on the 
moving plate by a fixed source beneath it. Morgan (1971) first suggested that the fixed 
source could in fact be partial melting of hot materials supplied by mantle plumes which 
are thin cylindrical upwellings of hot, low-viscosity material. Plume material ascends 
buoyantly from a basal thermal boundary layer (which might be either at the base of the 
mantle or at the base of the upper mantle) eventually interacting with the lithosphere at 
relatively shallow depths (Sleep, 1990, 1996). Nataf (1991) summarized the main prop-
erties of hotspots as  follows  : (1) The duration of most hotspots is at least 100 Ma ; (2) 
Their relative moving velocities are generally much smaller than 1  cm/a  ; (3) Their 
spacing can be as low as 500  km  ; (4) They often tap "primitive" material, i.e., material 
that has never been processed in geochemical cycles at the  surface  ; (5) They occur 
beneath oceans and  continents  ; (6) They seem to be made of materials whose viscosity 
is several orders of magnitude lower than that of the surrounding mantle. 
   Hotspots have an irregular but nonrandom distribution over the Earth's surface . 
They are preferentially located near the divergent plate boundaries (mid-ocean ridges) 
and the long-wavelength geoid highs, and are preferentially excluded from regions near 
the convergent plate boundaries, in particular, subduction zones (Stefanick and  Jurdy , 
 1984  ; Richards et  al.,  1988  ; Weinstein and Olson, 1989). In addition, hotspots are 
generally located in slow velocity regions in the lower mantle (Hager et  al.,  1985  ; Su et 
 al., 1994) and ultra-slow velocity patches on CMB (Williams et  al., 1998). Our present
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tomographic images show that there is a good correlation between the distribution of 
hotspots on the surface and that of slow anomalies in the lower mantle down to the CMB 
(Figure 10). These results suggest that most of the large mantle plumes under the strong 
hotspots may originate from the CMB. However, there are a few hotspots that do not 
lie above the low-velocity regions over CMB (Figure 10). Those hotspots could be (a) 
associated with highly localized (and as yet undetected) low-V zones, (b) produced by 
lateral flow or deflection of plumes (Loper,  1991  ; Sleep,  1996  ; Steinberger, 2000), or (c) 
derived from a different depth or through a different process than the low-velocity 
associated hotspots (Anderson,  1975  ; Williams et  al., 1998). Albers and Christensen 
(1996) suggested that strong plumes (e.g., Hawaii) could originate at the CMB, however, 
weak plumes may not rise from CMB but from the transition zone depths if there is a 
thermal boundary layer there. Anderson (2000) suggested some upper mantle origins of 
hotspots instead of plumes in the lower mantle. 
   The slow anomalies under hotspots usually do not show a straight pillar shape, but 
exhibit winding images (Figures 8, 9). This suggests that plumes are not fixed in the 
mantle but can be deflected due to the influences of mantle convection, or mantle winds 
(e.g., Griffiths and Richards,  1989  ; Loper, 1991). Recent numerical experiments by 
Steinberger (2000) show that plume conduits can be tilted, with source regions at the D" 
layer moving in the lowermost mantle flow, generally toward large-scale upwellings 
under southern Africa and the south central Pacific. Hotspot surface motion often 
represents the horizontal component of midmantle flow, which is frequently opposite to 
plate motion, toward ridges and away from subduction zones. 
   Under Hawaii, our tomography shows a tilted low-velocity zone in the entire mantle 
with one end right beneath the Hawaii Island and the other end located a few hundreds 
kilometers north of Hawaii at the CMB (Figures 6, 8b). Recently, Ji and Nataf (1998) 
used a diffraction tomography method to determine the lowermost mantle structure 
under Hawaii and found that a low-velocity zone exists over CMB north to northwest 
of Hawaii. Their result is generally compatible with ours considering the differences in 
the resolution scales of the two images. 
 Our plume images under Iceland show a vertical low-velocity zone in the entire 
mantle (Figures 8c, 8d), which are generally similar to the tomographic images deter-
mined recently by Bijwaard and Spakman (1999). The Iceland plume looks narrow in 
the east-west direction (Figure 8c), while it becomes wider in the north-south direction 
(Figure 8d). The low-V zone extends toward the south at depths shallower than about 
400 km depth (Figure 8d). These features may be associated with the fact that the 
Iceland hotspot is located on the North Atlantic  ridge which runs in the north-south 
direction. A part of the hot upwelling materials from the Iceland plume head may flow 
along the Reykjanes Ridge that is located south of Iceland, as shown by Sleep (1996) with 
numerical simulations. Recently, Foulger et  al. (2000) conducted a high-resolution 
teleseismic tomography study to determine 3-D P and S wave velocity structures of the 
upper mantle under Iceland. Their results also show that the Iceland plume is narrow 
in the east-west direction and becomes wide in the north-south and extends toward the
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Fig. 12. Three-dimensional image of P-wave velocity structure down to the core-
   mantle boundary (CMB) under the Pacific Ocean. The image within the central 
   triangle shows velocity variations at the CMB. The surrounding three fans show 
   the velocity images of the whole mantle along each vertical cross section. The 
   remaining parts show the Earth's surface topography. Blue and red colors 
   denote fast and slow velocities, respectively. The velocity perturbations are 
   from —1% to +1% deviating from the average one-dimensional Earth model.
Reykjanes Ridge in the south, which is well consistent with our present results. 
   Under South Pacific and East Africa, huge low-velocity anomalies of over 1,000 km 
wide are visible in the whole mantle (Figure 9), which may show the images of super-
plumes (McNutt and Fisher,  1987  ; Su et  al.,  1994  ; Vinnik et  al  .  ,  1997  ; Ritsema et  al  .  ,
 1999  ; Niu et  al  .  ,  2000  ; Nyblade et  al., 2000). Steinberger (2000) calculated the motion 
of hotspots in East Africa and the deformation of their underlying plume conduits with 
models of global mantle flow and suggested the presence of comparatively broad 
upwellings rather than localized plumes. This may explain the large and complex 
geometry of the low-velocity zones we imaged under East Africa. 
   As a consequence of the deflection of mantle plumes influenced by the mantle winds, 
hotspots would not be fixed in the geological history but could wander on the Earth's 
surface, as evidenced by the geomagnetic and numeric modeling studies, though their
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relative moving velocities are much smaller than that of the lithospheric plates (Molnar 
and Stock,  1987  ;  Griffiths and Richards,  1989  ; Steinberger, 2000). 
   Seismic velocity variations are affected by many factors, such as temperature, 
composition, partial melting, fluids, cracks, etc., but we still have no effective methods to 
discriminate between these contributions. If we assume that the slow velocities under 
the hotspot regions are entirely caused by high temperatures, we may use the method of 
Karato  (199.3) to estimate the excess temperatures of the plumes to be in the range of 
200-300 K. This is compatible with the estimates from numerical experiments (Albers 
and Christensen,  1996  ; Steinberger, 2000). But the amplitudes of the velocity anomalies 
we obtained  may.be affected by the damping and smoothing in the inversion process, thus 
the excess temperatures may be also influenced. 
   Figure 12 shows a  three-dimensional image of  P--wave velocity structure down to 
the CMB under the Pacific Ocean. The velocity variations on the CMB, the plumes 
under the central and south Pacific and their ascending up to the Earth surface are 
visible. 
   The results presented in this article are still preliminary. In the next step of our 
global tomography work, we will take into account the depth variations of the Moho 
discontinuity (Mooney et  al., 1998), adopt a smaller and irregular grid to account for the 
nonuniform ray coverage, and use millions of data in the inversions. The plate tectonic 
and plume tectonic implications of the tomographic results will also be scrutinized in 
more details.
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